Estrogen receptor ␣ (ER␣) is believed to be a critical part of the regulatory processes involved in normal reproduction and sexual behavior. However, in this study we show the ER␣ is not required for display of masculine sexual behavior. Male and female, ER␣ knock-out (ER␣KO) and wild-type mice were gonadectomized and implanted with testosterone. Sexual behavior and social preferences were tested after injection of the dopamine agonist, apomorphine (APO), or vehicle. All wild-type mice showed normal masculine behavior, including mounts and pelvic thrusts in females, and ejaculation in males. In agreement with past reports, ER␣KO mice, given vehicle, failed to show mating behavior. Yet, ER␣KO males given APO showed masculine copulatory behavior and chemoinvestigatory behavior directed at females. ER␣KO females, treated with APO, mounted and thrusted when tested with receptive females. HPLC revealed that wild-type and ER␣KO mice had equivalent catecholamine content in brain regions associated with masculine sexual behavior. These data show that the ER␣ is not essential during development or adulthood for the expression of masculine sexual behavior in mice. Moreover, dopamine can activate sexual behavior via a mechanism that either acts on an ER other than ER␣ or via an estrogen-independent pathway.
An estrogen receptor (ER) is thought to be essential for sexual differentiation of the hypothalamic-pituitary-gonad (HPG) axis (Baum, 1979; Goy and McEwen, 1980; Tobet and Fox, 1992; McCarthy, 1994) . Gonads of perinatal males secrete androgens that, after aromatization to estrogen, activate an ER to masculinize neural circuits (Abdelgadir et al., 1994) . In addition, androgen has been shown to activate masculine behavior, in part, via the same sequence of events, aromatization, and activation of an ER (Meisel and Sachs, 1994; Vagell and McGinnis, 1997) . According to this theory, ER␣ knock-out (ER␣KO) mice should be demasculinized by virtue of the lack of functional ER␣ during development, moreover, ER␣KO males and females are unable to respond to many of the actions of estradiol (E 2 ) in adulthood. In agreement with this theory, ER␣KO males fail to display normal masculine sexual behavior (Wersinger et al., 1997) . Also, ER␣KO females do not show normal female-typical behavior, nor do they display masculine behavior under the appropriate hormone and testing conditions Wersinger et al., 1997) . Because ER␣KO mice lack a functional ER␣ both during development and adulthood, we cannot assess the role of this receptor on organization versus activation of behavior. This fact, and the discovery of a second ER, the ER␤ (Kuiper et al., 1996; Tremblay et al., 1997) , opens the possibility that another ER may act to organize and/or activate the HPG axis and/or neural behavioral circuits.
In adult males, it is well documented that testosterone (T) acts as a permissive hormone, and a basal level is needed to stimulate sexual behavior (Meisel and Sachs, 1994) . However, in many animals male sexual behavior requires weeks, and in some cases longer, to extinguish after castration (Crews, 1983; Meisel and Sachs, 1994) . One explanation for this delay is that some aspects of masculine sexual behavior can be maintained in a steroidindependent manner. For example, sexually experienced castrated rats treated with the dopamine agonist apomorphine (APO) months after surgery, display elevated levels of copulatory behavior (Scaletta and Hull, 1990) . The relationship between mating behavior and dopamine (DA) has been well studied in male rats. These data suggest that DA release in the medial preoptic area (MPOA) is essential for activation of adult male sexual behavior (Hull et al., 1997) . Treatment of pregnant rats with either DA agonists or antagonists produced a decline in the masculine sexual behavior of their male offspring (Hull et al., 1984) . Thus, DA could also play a role in the development of masculine sexual behavior.
Here we tested the hypothesis that ER␣ is not essential for the organization of masculine sexual behavior. We predicted that DA could induce masculine sexual behavior in an ER␣-independent manner. If ER␣ is absolutely required for the establishment of the neural circuits that dictate adult masculine behaviors, then adult treatment with APO should be unable to correct the behavioral deficits seen in ER␣KO mice. Alternatively if the function of ER␣ is to regulate production and/or release of DA, which in turn activates copulatory behavior, treatment of adults with APO should reinstate masculine sexual behavior in ER␣KO mice. We tested this hypothesis by giving systemic APO to gonadectomized wild-type and ER␣KO mice receiving a concurrent low dose of T. To quantify basal levels of dopamine, its metabolites, and other catecholamines in wild-type and ER␣KO mouse brains we used HPLC.
MATERIALS AND METHODS

Animals.
We produced subjects by breeding pairs of mice that were heterozygotic for the ER␣ gene disruption (L ubahn et al., 1993) . Dr. Dennis L ubahn (University of Missouri) generously provided us with the original breeders to set up our colony. We genotype the offspring by PCR analysis of tail DNA (a modification of methods in L ubahn et al., 1993) . Wild-type and ER␣KO littermates are of the same genetic mixed background (129/J/C57BL /6J). When these studies were conducted, our colony was in the seventh generation of backcrosses into the C57BL /6J background. Mice for these studies (n ϭ 40 males; n ϭ 39 females) were weaned at 20 d of age, housed singly, and maintained on a 12 hr light /dark photoperiod (lights off at 1:00 P.M. EDT). Food (Purina mouse chow 5001) and water were available ad libitum.
Surger y. Between the ages of 65 and 75 d, each mouse was gonadectomized. General anesthesia (xylazine100 mg / kg and ketamine10 mg / kg) was given intraperitoneally. At the time of gonadectomy each mouse received a subcutaneous SIL ASTIC (Dow Corning) implant [outer diameter (o.d.); 2.16 mm; inner diameter (i.d.) 1.02 mm] filled with T (5 mm of steroid, diluted with cholesterol 1:1). Implants were placed under the skin between the shoulder blades. For the sexual behavior and preference tests stimulus, females were required. To insure receptivity in behavior tests, heterozygotic females (produced by the ER␣KO colony) were ovariectomized, and each received a SIL ASTIC implant (o.d., 3.18 mm; i.d., 1.96 mm) containing 17␤ estradiol in sesame oil (50 g /0.025 ml). Three to 5 hr before sex tests, females were injected with progesterone (500 g in 0.025 ml sesame oil, s.c.). Just before use females were screened for receptivity by placing them with a stud male.
Social e xposure. After at least 1 week of recovery each animal was given a series of social experiences with gonad-intact, heterozygous male and female mice. During each exposure, the stimulus animals were individually placed in the subject's home cage for 2 min. The order of presentation of the stimulus mice was alternated with each exposure. Each subject interacted with both a male and a female daily, five times over a 7 d period.
Drug treatment. Each subject was randomly assigned to receive either vehicle (0.2% ascorbic acid) or APO (5 g in 0.1 cc, i.p.) during the duration of the testing period. Our dose (80 -100 g / kg body weight) of APO was based on Scaletta and Hull (1990) and pilot experiments in our lab (our unpublished observations). We did not observe any stereotypic DA-induced behaviors in animals receiving this treatment. On each testing day the mouse was injected with the assigned solution and returned to its home cage.
Se x behavior tests. Ten minutes after injection, the subject was placed into a neutral Plexiglas testing cage (18 ϫ 30 cm) on a mirror stand along with a receptive stimulus female. For males, the latency to and number of mounts, mount bouts, thrusts, intromissions, and ejaculations were recorded. For female subjects, we recorded the latency to and numbers of, mounts, mount bouts, and mounts with thrusts. If the subject mounted and remained on top of the stimulus female displaying one or multiple thrusts, we recorded this event as a single mount bout. The tests were 30-min-long and given during the dark phase of the light cycle (8:00 P.M. to 1:00 A.M.). Red lights were used for illumination. Each male was tested until an ejaculation was observed or he had had a total of three tests. Females were tested until they displayed mounts and thrusts or a maximum of three tests. Observers were blind to genotype and drug treatments. Tests were given every 2-3 d.
Preference test. The preference tests were conducted between 1:00 and 8:00 P.M. under red light illumination. The test box was a large, Plexiglas cage with three chambers, two equal-size end areas (31.5 ϫ 25.5 cm each), and a smaller (10.5 ϫ 25.5 cm) neutral section between them (Wersinger and Rissman, 2000) . The stimulus animals were anesthetized with xylazine/ ketamine and then placed in the end compartments. During the 10 min preference test an intact male was placed in one end compartment and an ovariectomized, estrogen-implanted, female in the other. The subjects were injected with either APO or vehicle and then placed in their home cage. Ten minutes later they were placed in the neutral compartment of the testing chamber. The number of entrances and the time spent in each compartment were recorded. In addition, the amount of time the subject spent sniffing the body of each stimulus animal was recorded. The test box was caref ully cleaned with alcohol between trials, and the level of anesthesia for the stimulus mice was checked.
Brain collection and tissue preparation. Ten days after the preference test, each subject was deeply anesthetized with xylazine/ ketamine and decapitated. The brains were removed, frozen on dry ice, and stored at Ϫ70°C until dissection. Tissue from the accessory olfactory bulb (AOB), nucleus accumbens, striatum (the caudate putamen), M POA, medial amygdala (M A), and the substantia nigra was collected. A 200 m section was cut at a standard rostrocaudal level for each area. Next, tissue was dissected using readily identifiable landmarks based on Franklin and Paxinos (1997) (Fig. 1) .
HPLC. The brain tissue was thawed on ice with 200 l of buffer. Tissue was sonicated and centrif uged, and the supernatant was filtered using a 0.2 m microspin filter. The supernatant was kept on ice for 24 hr until the sample was run through the HPLC column. During this time, no significant reduction was noted in the peak values for control samples run immediately after filtration and for control samples run 24 hr after being filtered.
The buffer was 75 mM, pH 3.00, phosphate with 1.7 mM octanesulfonic acid, 100 ul / l triethylamine, 25 M EDTA, and 6% acetonitrile. The chromatography column was a Varian-Rainin Dynamax (R0080200E3), 3 U, 100 A, 10 cm with guard cartridge. We used a flow rate of 1.0 ml /min. Our chromatography system was a Beckman 128 solvent module controlled by Beckman System Gold software with an ESA Coulochem II detector and a 5011 electrochemical detector with voltages set at 350 mV (conditioning) E1 at Ϫ70 mV and E2 at 250 mV (detection). The data were collected and analyzed by System Gold software. The samples were kept at 4°C, and 20 l injections were made with a Jasco AS-950 -10 autoinjector.
Statistics and anal ysis. The percentage of animals showing masculine sexual behavior was compared among groups using 2 and Fisher's exact probability tests. The data recorded from animals that displayed sexual behavior was compared using one-way ANOVA followed by StudentNewman-Keuls post hoc comparisons. In cases in which the data failed, the normality test ANOVA on ranks was conducted followed by MannWhitney U tests where appropriate. Social preference and HPLC data were analyzed by two-way ANOVA followed by Student-Newman-Keuls post hoc comparisons.
RESULTS
Masculine sexual behavior
In both males and females expression of sexual behavior varied with genotype and drug treatment ( p Ͻ 0.05 at least for each Franklin and Paxinos (1997) . ac, Anterior commissure; Acb, nucleus accumbens; AOB, accessory olfactory bulb; CP, caudate putamen; fmi, forceps minor corpus callosum; LV, lateral ventricle; MA, medial amygdala; mb, mammillary body; MPOA, medial preoptic area; ot, optic tract; sn, substantia nigra; 3V, third ventricle.
comparison). As shown in Figure 2 , the majority of wild-type males mounted, performed pelvic thrusts, and intromitted regardless of drug treatment. In addition, nearly all wild-type males ejaculated whereas none of the vehicle-treated ER␣KO males intromitted or ejaculated. All the ER␣KO males given apomorphine mounted, thrusted, and intromitted with stimulus females (Fig. 2) . Fifty percent of the ER␣KOs treated with APO ejaculated.
Similar results were noted in females (Fig. 2 ). There was a significant difference in the frequency of females that mounted other females and thrusted during their mounts, and the frequency varied with genotype and drug treatment ( p Ͻ 0.05 at least). None of the ER␣KO females treated with vehicle mounted or displayed thrusts. In the APO-treated ER␣KO group, 70% of the females mounted and thrusted. This rate was comparable to that noted in wild-type females (Fig. 2) .
Behavior of males that engaged in sexual activity was examined. No differences between numbers of mounts, mounts with thrusts, or mounts with intromissions or the latencies to perform these behaviors were noted (Table 1 ). This finding shows that wild-type males were not adversely affected by APO treatment and that ER␣KO males treated with APO did not differ in the display of their sexual behavior as compared with wild-type.
Females that displayed mount bouts and thrusts were also basically similar in all measures, regardless of genotype and drug treatment ( Table 1 ). The only exception was in total number of mounts displayed (F (2,19) ϭ 5.32; p Ͻ 0.02). ER␣KO females treated with APO mounted significantly more than wild-type females that received either vehicle or APO treatment ( p Ͻ 0.05).
Social preference
The amount of time males spent sniffing the anesthetized stimulus animals varied with genotype and treatment. Time spent sniffing the stimulus female varied with genotype (F (1,39) ϭ 17.7; p Ͻ 0.0003), drug treatment (F (1,39) ϭ 4.4; p Ͻ 0.05), and there was a significant interaction between the factors (F (1,39) ϭ 15.5; p Ͻ 0.0005). The ER␣KO vehicle-treated males were responsible for these effects; they spent less than one-third the amount of time sniffing females as compared to males in the other three groups ( p Ͻ 0.05; Fig. 3) . A similar pattern was seen for time spent sniffing the stimulus male (main effect of genotype and an interaction; F (1,39) ϭ 5.95; p Ͻ 0.02 for both). The difference between times spent sniffing a female versus a male was similar as well (main effect of genotype and an interaction; F (1,39) ϭ 11.5, 9.9 respectively; p Ͻ 0.004 at least). None of the other measures were significant; these included time spent in the compartment containing the male versus the female and the number of visits to each compartment.
Females did not exhibit social preferences (Fig. 4) . There was a trend for ER␣KO females that received vehicle to spend more time sniffing the stimulus females than the subjects in the other three groups (F (1,38) ϭ 3.39; p ϭ 0.074).
HPLC
In many of the forebrain regions examined we noted a significant effect of sex, but not of genotype, and no interaction between the two on catecholamine and catecholamine metabolite levels ( Table  2 contains data for the AOB, MPOA, and striatum). Sex differences were always in the direction of higher levels of catecholamines in male brains than in female brains. All of the areas we examined, not all of which are listed on Table 2 , had significant sex differences in DA ( p Ͻ 0.03 at least for each). In addition dopamine was elevated in male brains relative to females in four of these six regions, including the MPOA, MA, nucleus accumbens, and the substantia nigra ( p Ͻ 0.05 at least). In the MA and AOB significant sex differences were noted in epinephrine (E), homovanillic acid (HVA), and 5-HT content ( p Ͻ 0.05 at least). Finally in the substantia nigra males had significantly more norepinephrine (NE) than females ( p Ͻ 0.05). In the striatum, there were significant effects of sex, genotype, and an interaction between sex and genotype for DA (F (1,21) ϭ 9.78, 33.0, 54.34; p Ͻ 0.05 at least). Genotype also affected NE content, and there was a significant interaction between sex and genotype (F (1,21) ϭ 4.50, 6.38; p Ͻ 0.04 at least). Finally HVA content was affected by genotype (F (1,21) ϭ 5.18; p Ͻ 0.04). All these effects in the striatum can be attributed to ER␣KO males, which had significantly higher catecholamine content than mice in all other groups.
DISCUSSION
The present results replicate our past findings that gonadectomized, T-treated male and female ER␣KO mice fail to exhibit normal masculine sexual behavior as compared with similarly treated wild-type littermates (Wersinger et al., 1997) . However, here we show that normal masculine behavior can be elicited in adulthood if T is supplemented by APO. A similar result was obtained for chemoinvestigatory behavior in males. We have shown that ER␣KO males fail to preferentially investigate anesthetized E 2 -treated stimulus females (Wersinger and Rissman, 2000) . In the present study the same effect was noted, but APO treatment corrected this deficiency in ER␣KO males. Chemoinvestigatory behavior is displayed by wild-type and ER␣KO females, but they do not have social preferences. Moreover, unlike masculine sexual behavior, female-directed chemoinvestigation was not activated by T alone or T supplemented with APO in females. Taken together our results show that masculine sexual behavior is not particularly sexually dimorphic in wild-type mice. Aspects of male copulatory behavior that do not depend on a penis can be activated in females by elevated levels of T. Moreover, this male-typical copulatory performance is not dependent on the ER␣ in mice of either sex. In contrast, female-directed chemoinvestigation is sexually dimorphic in mice, and increasing levels of T did not facilitate display of this behavior in females. Although APO can activate this behavior in male ER␣KOs, drug treatment had no effect on preference behavior in female mice of either genotype.
The HPLC data show that neural content of several catecholamines and their metabolites is largely similar between wild-type and ER␣KO mice. However, for masculine sex behavior in rats it is critical that DA is not only present, but is released into the extracellular environment where it can bind its postsynaptic receptors (Hull et al., 1995 (Hull et al., , 1997 . The question of DA availability in synapses in the ER␣KO brain still needs to be addressed. We found sex differences in catecholamine levels in many regions (Table 2) . Wild-type females, despite having lower levels of catecholamines than males, expressed masculine sexual behavior, demonstrating that neural catecholamine content is sufficient in females for the expression of these behaviors. All mice in our study received equivalent T treatment, thus, differences in steroid levels do not explain the sex differences in catecholamine content. These sex differences could be caused by differential sensitivity to adult T. Regardless of the nature of the sex difference, it is clear that its development does not rely on ER␣. The striatum was the only region in which we detected an effect of genotype on catecholamine content. The striatum has been implicated in male sexual behavior. In male rats, extracellular dopamine increased in the striatum after copulation (Damsma et al., 1992) . Thus, it is possible that ER␣KO males, like castrated rats (Hull et al., 1995) accumulate, but do not release DA in the brain. This inability to release DA may contribute to the failure of ER␣KOs to display masculine sexual behaviors. Many lines of evidence show that dopamine is involved in male sexual behavior. Sexually experienced, long-term castrated rats can display copulatory behavior, including ejaculation in some cases, after treatment with APO (Scaletta and Hull, 1990) . More reliable sexual behavior is seen when castrated male rats are treated with subthreshold doses of T and APO is provided (Hull et al., 1997) . Dopamine-deficient knock-out mice require both T and dopamine to display sexual behavior (Szczypka et al., 1998) . In addition, DA antagonists impair copulatory behavior (Pehek et al., 1988) in rats. Hull et al. (1997) have proposed a pathway in which T upregulates nitric oxide synthase (NOS) in the M POA, NOS in turn enhances DA release. Immunoreactivity for NOS neurons in the M POA is enhanced in male rats exposed to females (Dominguez and Hull, 1999) . C astration leads to fewer NOS-IR cells in the M POA and bed nucleus of the stria terminalis (Du and Hull, 1999) . Pilot data collected in our lab show that ER␣KO males have fewer NOS-ir cells in the M POA than wild-type males (J. Perkins and E. Rissman, unpublished observations). These data suggest that T regulates NOS via actions on ER␣. Data collected on endothelial NO production supports this hypothesis (Shaul, 1999) . Moreover, basal release of endothelium-derived NO is significantly lower in aorta tissue from ER␣KO as compared to wild-type male mice (Rubanyi et al., 1997) . Thus, ER␣ may act during development and /or adulthood as a modulator of NOS activity in brain.
Another link between dopamine, steroid receptors, and sexual behavior is the progesterone receptor (PR). Interestingly estrogen can induce PR (mRNA and protein) in the female ER␣KO brain (Shughrue et al., 1997; Moffatt et al., 1998) . In the caudal ventromedial hypothalamus, the numbers of estrogen-induced PR-IR cells are only 50% lower than that seen in wild-type females (Moffatt et al., 1998) . In female rats and mice DA can stimulate sexual behavior by activating the PR in a ligandindependent manner (Mani et al., 1994 (Mani et al., , 1996 . Although generally associated with female sexual behavior, several lines of evidence have shown that the PR may be involved in male sexual behavior. For example, on their first behavior test, male PR knock-out mice display reduced levels of masculine sexual behavior, compared with wild-type males (Phelps et al., 1998) . If similar mechanisms are in place in males, it is possible that APO may act on PR in the MPOA. Perhaps in the ER␣KO and wild-type mouse, APO activates unoccupied PR and this stimulates mas-culine sexual behavior, given the correct hormone and testing conditions.
The involvement of dopamine in differentiation of sex differences has been examined in two contexts. Several researchers have treated pregnant rats, or their pups, with DA agonists or antagonists and tested the offspring for masculine sexual behavior (Hull et al., 1984; Gonzales and Leret, 1992) . Dopamine agonists and antagonists are both able to demasculinize males (Hull et al., 1984; Gonzales and Leret, 1992) . Thus, the interpretation of these data has to be that some optimal level of DA is required during development, either too much or too little can demasculinize genetic males. Reisert and Pilgrim (1991) have extensively studied sex differences in dopaminergic cells in vitro . In mouse and rat, fetal dopaminergic neurons from midbrain or hypothalamus are removed before gonad differentiation. After several days in culture sex differences develop, either in the absence of steroids, or in the presence of equivalent titers of steroid (Beyer et al., 1991) . Thus, a possibility for the effects of APO in ER␣KO mice is that dopamine acts on a pathway that is not influenced by the lack of ER␣ during development.
Dopamine can stimulate copulatory behavior in male and female mice that lack the ER␣. Thus, ER␣ is not required for neural development of masculine sexual behavior circuits in mice. This idea is a radical departure from the dogma, however, the organizational /activational hypothesis does not explain all sexual dimorphic behaviors (Arnold, 1996) . Moreover, although strain differences exist, mice in general do not have as pronounced sexual dimorphisms in brain as do other rodents (Brown et al., 1999 ). Yet, social preference, as measured by chemoinvestigation of females, is more sexually dimorphic in mice than is masculine copulatory behavior. The accessory olfactory system is sexually dimorphic in rats (Guillamon and Segovia, 1997) . E xposure to steroid hormones controls the development of this dimorphism, which can be reversed by steroids during the critical period (Collado et al., 1998) . The neural projection pathway from the AOB includes the M A, bed nucleus of the stria terminalis, and the hypothalamus. One terminal region, the anterioventral periventricular region is sexually dimorphic, and this dimorphism is nearly reversed in male ER␣KO brains (Simerly et al., 1997) . In ongoing studies we are examining sex differences in neural pathways that underlie perception of chemosensory cues in mice.
Our data compliment those collected by others using the ER␣KO model. Estrogenic responses can be elicited in these animals under certain conditions (Das et al., 1997; Shughrue et al., 1997; Moffatt et al., 1998; Singh et al., 2000) . For example, estradiol can phosphorylate extracellular signal-regulated kinase 1 in brains of ER␣KO females (Singh et al., 2000) . It is possible that an estrogen-responsive protein other than ER mediates these estrogenic effects. Alternatively, the disrupted ER␣ gene is transcribed to form a truncated, presumable inactive, protein (Couse et al., 1995) . Our finding elaborates on data collected by others in showing that the ER␣ deficit can be overridden by a nonestrogenic mechanism.
